Abstract. This paper centers on the silicon crystalline PV module technology subjected to operation conditions with some cells partially or fully shaded. A shaded cell under hot-spot condition operating at reverse bias are dissipating power instead of delivering power. A thermal model allows analyzing the temperature increase of the shaded cells of the module under hot-spot condition with or without protection by a bypass diode. A comparison of the simulation results for a crystalline PV module without shading and with partial or full shading is presented.
Introduction
The demand for energy, the scarcity of nonrenewable fuels and the need for CO 2 emissions decrease have resulted in a consciousness of the significance of energy efficiency and energy savings [1, 2] and DSM software and Smart Grid architecture have been developed in order to endure consumers on energy use. Also, renewable energy sources coming from solar and wind energy sources are attractive to go into exploitation, considering large scale and mini or micro scale conversion systems [1, 3] . A photovoltaic system (PVS) converts solar energy into electric energy. The main device of a PVS is a cell. Cells may be assembled to form modules or arrays. A module is composed by cluster of cells linked in series. An array can be a module or a set of modules linked in parallel, series, total cross tied or bridge-linked to form large PVS. These PVSs may have or not a tracking system in order to achieve higher energy conversion values during sunny days due to the diverse positions to accumulate the sun´s irradiation [4] . The array performance depends on the solar irradiation, operating conditions, array configuration, environmental parameters as temperature and wind speed, and shading. The shading on arrays occurs due to the dust, bird droppings, leaves, snow or shadowing caused by near buildings, near trees or a passing cloud. The shading can be partial or full with respect to a PV module [5] . The existence of shaded cells in a module causes a mismatch on the equilibrium of photo-generation of electron-hole pairs of the cells. Under this mismatch, a nonshaded cell of the module operates at a generation of carriers higher than those of the shaded ones [5] . Consequently, the shaded cells are into reverse bias [5] . The hot-spot occurs after a cell, or cluster of cells in a PV module, operates at reverse bias, dissipating power and operating at abnormally high temperatures. Cells exposed to higher temperatures will degrade at a higher rate than others. If a cell is shaded and operation at high temperatures occurs for a long time, then irreparable damage is due to happen to the solar cell. If a bypass diode is used, a cell in reverse bias renders useless the rest of the cells under the bypass diode [6] . The hot-spot occurrence is particularly frequent and always happens when a shadow covers the module, thus reducing the photo-generated current [7, 8] . In order to protect shaded cells from breakdown voltage (BV), bypass diodes linked in antiparallel with the cell or module is applied. In the 1990s authors contributed to improve the PVS module design and to determine the maximum solar cells number per bypass diode in order to avoid the hotspots condition [9, 10] . Based on these knowledges, according to IEC 61215 a hot-spot endurance test became part of the type approval for crystalline silicon modules [8] .
The diodes bypass limit the reverse voltage that can be applied to a cell, thus avoiding it from reaching the BV when the cell is shaded [6] . Due to impurities and defects inside the silicon, some cells may display a great reverse current even before reaching the BV. This impurities and defects inside the silicon are commonly modeled by inserting a shunt resistance, whose value depends on the distribution of defects/impurities and concentration inside the cell [6] . If the shunt resistance is low enough the hot-spot condition can occur even before that the PV cell enters the BV even if bypass diodes are used [6] . In this case, due to the hot-spot heating, the PV cell can reach a temperature high enough to cause permanent damage, although this takes longer to occur than when the PV cells operates in breakdown voltage [6] . This paper is considered with the exposition to shading of a silicon crystalline PV module and as a consequence subjected to condition of hot-spot. A thermal model is used in order to allow estimating the temperature of the area subjected to the condition of hot-spot. The paper is systematized as follows. Section II presents the relationship to smart systems. Section III presents the modeling of the PVS module forward biased, using the five parameters model, i.e., the single-diode, shunt and series resistances circuit; the model of the PV module reverse biased; and the thermal model which allows estimating the hot-spot temperature. Section IV presents the case studies. In the first case, the I-V characteristic curves are simulated considering the reverse bias of the PV module: simulation results for a silicon crystalline PV module technology without shading are compared with the module partially shaded or fully shaded; without or with bypass diode. In the second case, a thermal model allows analyzing the temperature increase of the shaded cells of the module subjected to condition of hot-spot without or with a bypass diode. Finally, concluding remarks are given in Section V.
Relationship to Smart Systems
Technological Innovation has entered into the age of smart systems and smart grids, when machines implement human functions of analyzing real data and making decisions [11] . A Smart system is an embedded systems architecture which embodies advanced automation systems to provide control and monitoring over the something's functions, for example a PVS. Hence, the advances in science and technology allow the opportunity to bridge physical components and cyber space, leading to CyberPhysical Systems [12, 13] . The coordination and interaction of smart systems of PVSs require handling number of challenges to increase the reliability and the service life time of the PV modules. The performance of a PV modules depends on the operating conditions, i.e., depends not only on solar irradiation and temperature, but also on the array configuration and shading effects. The hot-spot on a PV cell produces degradation or a permanent damage in the shaded cells, with a consequent reduction of the provided power [14] .
Statistics show degradation rates of the nominal power for thin-film and silicon PVS modules of 0.8%/year [15] . Hence, to raise the service life and the reliability of PVS modules one has to recognize the challenges involved. Successfully integrating PV power into the existing electric grid is a complex challenge that relies on distributed, interconnected smart systems, which are proliferating within the engineering industry [12] .
Modeling
The circuit for the PVS entails in a current controlled generator, a single-diode, a shunt and series resistances. Thus for the forward bias module the I-V characteristic is formulated [5] given by:
where the output module current is I, the photo-generated current is I S , the reverse bias saturation diode current is I 0 , the output voltage is V, the shunt and the series resistances are respectively R p and R S , the ideality factor is m, the thermal voltage of the p-n junction is V T .
This circuit for the reverse bias module is shown in Fig. 1 . Fig. 1 the current through diode D is I D , described by the Shockley diode equation, the reverse breakdown current which is a portion of I p dissipated in Rp when the module is reverse biased is I bd [5, 6] .
Where in
For the reverse bias module, the I bd [11] is given by:
where the portion of the linear current involved in avalanche breakdown is a .
For the reverse bias module the I-V characteristic is formulated by an implicitly function [16] given by:
where the BV is The thermal model allows estimating the temperature T HS of the module's area A HS under hot-spot condition [5, 6] . The time instant t at which the PV module goes into shading condition and reverse biased is denoted by t HS . Considering the PV module staying into shading condition from t HS until at time t ≥ t HS , the temperature T HS (t) is incremented relatively to the ambient one, T amb . The expression for computing T HS (t) [6] is given by:
where i and ii [6] are respectively given by: where the whole PV module area is A, the solar irradiance is G, the relative gap in the irradiation between the non-shaded modules and the shaded module linked in series is γ, the dissipated power on the R p resistance of the shaded module is P diss , the thermal capacitance and thermal resistance of the module with area A HS under hotspot condition are C TH-HS and R TH-HS , respectively, the thermal capacitance and thermal resistance of the remaining module area are C TH and R TH . In the thermal model, the parameters R TH-HS , C TH-HS are constants and depend of the materials which composing the upper layers of the module cells [6] . Considered hot-spot condition on the two cells of the PV module with 36 cells is shown in Fig. 2 .
In Fig. 2 , A cell is the area of each cell of the module and A HS is the area of the module under hot-spot condition. The range of values of A HS for the simulation is taken from [6] , where is said to be set experimentally in the range between 5% and 10% of A cell . 
Simulation Results
The models for the PV module forward biased, for the PV module reverse biased and for the thermal model that allows assessing the temperature of the area under hotspot condition are implemented in Matlab/Simulink.
The module has 36 cells linked in series, the shaded area A HS is equal to the area of two cells, i.e., taking approximately 5.6% of the area A associated with the capture of energy.
The data of the manufacture for the crystalline silicon PV module Isofotón I-53 at STC [17] is displayed in Table 1 . The forward breakover voltage considered for silicon diode is 0.7 V. The equivalent circuit for the reverse bias module shown in Fig. 1 has the values for the R P and R S given in [16] .
First Case Study. The simulation results for a silicon crystalline PV module technology without shading are compared with the module partially shaded (MPS) or fully shaded (MFS) in order to study the current and voltage when the module is reverse biased.
Considering the MPS or MFS linked in series with one non-shaded module, if the shaded module is a MPS his irradiance is 500 W/m 2 and if shaded module is MFS his irradiance is 0 W/m 2 . When the shaded PV module is reverse biased we assume V bd = -10 V, a = 1.93 and b = 1.10 in (3). Considered that the module is without bypass diode: the I-V reference curve of the non-shaded module (black) and respective symmetric curve (also in black but in the second quadrant), the I-V curves of the MPS (orange) or MFS (blue) are shown in Fig. 3 . Considered that the module is with bypass diode: the I-V reference curve of the nonshaded module (black) and respective symmetric curve (also in black but in the second quadrant), the I-V curves of the MPS (orange) or MFS (blue) are shown in Fig. 4 . diode is 36.20 W at MPDP while for the shaded module with bypass diode is 2.28 W at MPDP. For the two case studies the maximum power point (MPP) when the module is partially shaded is at a voltage value of 15.58 V and a current value of 1.45 A, while when the module is fully shaded the voltage value is 0.00 V and a current value is 0.00 A. Hence, the bypass diode does not affect the module at MPP. in [17] .
Second Case Study. The simulation results for a silicon crystalline PV module technology without shading are compared with the module partially shaded or fully shaded in order to evaluate the evolution of the module temperature under hot-spot condition. The value of T amb considered is 25ºC and the time instant t HS considered is 5 s. Consider the MPS operating at MPDP the curves of the temperature T HS for the area under hot-spot condition in function of the time: without bypass diode (blue) and with bypass diode (green) are shown in Fig. 5 . The PV module has a T HS of approximately 60ºC for a lower than t HS = 5 s. Fig. 5 reveals that the MPS without bypass diode reaches the critical temperature of 150ºC [6] at time of 11.63 s, i.e., 6.63 s after getting shaded and reverse biased, while with bypass diode decreases temperature 57.92ºC in same time. The curves of the temperature for the MFS in function of the time reveals that the MFS without bypass diode reaches the critical temperature of 150ºC [6] at time of 11.71 s, i.e., 6.71 s after getting shaded and reverse biased, while with bypass diode reaches the temperature of 56.79ºC in same time. Thus the MPS reaches the temperature of 150ºC faster than MFS not depending on the usage of bypass diode.
Conclusions
An addressing of a model for PV module under hot-spot condition is study in what regards the model simulation. The addressing allows concluding that when a module operates at reverse bias due to the non-uniform cells illumination, the module is exposed to a quantified temperature increase and substantial power loss. Also, allows quantifying the advantage of using the diode for bypass protection in what regards performance of the module.
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